Parkinson's disease (PD) is a common neurodegenerative disorder thought to be associated with mitochondrial dysfunction. Loss of function mutations in the putative mitochondrial protein PINK1 (PTEN-induced kinase 1) have been linked to familial forms of PD, but the relation of PINK1 to mammalian mitochondrial function remains unclear. Here, we report that germline deletion of the PINK1 gene in mice significantly impairs mitochondrial functions. Quantitative electron microscopic studies of the striatum in PINK1 ؊/؊ mice at 3-4 and 24 months revealed no gross changes in the ultrastructure or the total number of mitochondria, although the number of larger mitochondria is selectively increased. Functional assays showed impaired mitochondrial respiration in the striatum but not in the cerebral cortex at 3-4 months of age, suggesting specificity of this defect for dopaminergic circuitry. Aconitase activity associated with the Krebs cycle is also reduced in the striatum of PINK1 ؊/؊ mice. Interestingly, mitochondrial respiration activities in the cerebral cortex are decreased in PINK1 ؊/؊ mice at 2 years compared with control mice, indicating that aging can exacerbate mitochondrial dysfunction in these mice. Furthermore, mitochondrial respiration defects can be induced in the cerebral cortex of PINK1 ؊/؊ mice by cellular stress, such as exposure to H2O2 or mild heat shock. Together, our findings demonstrate that mammalian PINK1 is important for mitochondrial function and provides critical protection against both intrinsic and environmental stress, suggesting a pathogenic mechanism by which loss of PINK1 may lead to nigrostriatal degeneration in PD.
P
arkinson's disease (PD) is the second most common neurodegenerative disorder affecting Ͼ1% of the population Ͼ65. The manifestations of the disease are caused by the degeneration of dopaminergic neurons in the substantia nigra pars compacta. The aetiology of the disease is still unknown but probably involves a combination of genetic and environmental factors. A growing number of clinical and experimental reports implicate mitochondrial dysfunctions and oxidative stress in the pathogenesis of PD (1, 2) . Mitochondria isolated from PD patients display a reduced complex I activity and an increased capacity to produce reactive oxygen species (ROS) (3, 4) . Accidental exposure to mitochondrial toxins leads to symptoms resembling those of PD via the selective death of dopaminergic neuron (5, 6) .
The recent discovery of recessively inherited loss of function mutations in three distinct genes that are linked to early onset parkinsonism (7) (8) (9) has provided a unique opportunity to create in vivo models to identify early pathogenic changes, which may ultimately lead to neurodegeneration (10) . Among these genes, PTEN-induced kinase 1 (PINK1) offers the most obvious link between mitochondrial dysfunctions and the disease. Bioinformatics analysis reveals that PINK1 is a putative serine-threonine kinase with a mitochondrial targeting motif at its N-terminal end (9) . PINK1 has been localized in mitochondrial fractions, although it is not yet clear whether it is localized within the outer (11) or the inner membrane (12, 13) . Given its probable subcellular localization, it is reasonable to think that PINK1 plays a role in the normal biology of mitochondria. In fact, two recent articles showed dramatic functional and structural impairments of mitochondria in Drosophila bearing null mutations for dPINK1 (14, 15) . These impairments include fragmented cristae, loss of outer membrane, ATP depletion, and are accompanied with dopaminergic neuronal degeneration in one study (14) . More recently, PINK1 has been shown to interact genetically with proteins involved in mitochondrial morphogenesis and specifically promotes mitochondrial fission (16, 17) . However, questions remained whether the dramatic phenotypes observed in mutant flies would be conserved in a mammalian model carrying null mutations in the PINK1 gene.
Mutations in the PINK1 gene are recessively inherited and some of the missense mutations have been reported to be associated with decreased kinase activities, suggesting a loss-of-function pathogenic mechanism (18, 19) . To study the function of PINK1 in mice, our group has generated PINK1 knockout mice, which exhibit deficits in evoked dopamine release and subsequent striatal synaptic plasticity impairment in the absence of dopaminergic neuronal degeneration (20) . In the current study, we focus on the potential role of PINK1 in mitochondrial function and structural integrity. We find that loss of PINK1 function in mice does not cause major ultrastructural changes in their mitochondria, but instead leads to functional deficits in a dopaminergic circuit-and age-specific manner with increased sensitivity to oxidative stress.
Results
No Gross Structural Defects in Mitochondria of PINK1 ؊/؊ Mice but Increased Numbers of Larger Mitochondria. Striking morphological defects have been reported for mitochondria derived from indirect flight muscles in dPINK1 Ϫ/Ϫ flies (14, 15) . We therefore investigated whether such abnormalities would be conserved in a mammalian model. At 3-4 months of age, electron micrographs showed clearly defined, intact cristae and outer membranes in mitochondria derived from the striatum of both PINK1 Ϫ/Ϫ and control mice (n ϭ 3) [ Fig. 1A and supporting information (SI) Fig. S1A ]. Quantitative analysis revealed normal numbers of mitochondria in PINK1 Ϫ/Ϫ striata (Fig. S1B) . Citrate synthase activity, a common quantitative marker for intact mitochondria in tissue, confirmed unchanged levels of mitochondria in the PINK1 Ϫ/Ϫ striatum (Fig. S1C) . Although the average size of mitochondria also appears to be normal (data not shown), there is an increase in the number of larger mitochondria in the striatum of PINK1 Ϫ/Ϫ mice (size bin of 0.8-1 m 2 : ϩ/ϩ: 0.44 Ϯ 0.11; Ϫ/Ϫ: 1.0 Ϯ 0.10, expressed as the number of mitochondria per 100 m 2 , n ϭ 3, P Ͻ 0.05, Fig. 1B ). We further looked for an effect of aging on the structure of mitochondria in
24-month-old PINK1
Ϫ/Ϫ mice, and found that cristae and outer membrane structures appear normal in these aged PINK1 Ϫ/Ϫ mice ( Fig. 1 A and Fig. S1D ). Although the average size and the total number of mitochondria are unchanged ( We also sought to use stable mitochondrial proteins as quantitative markers for mitochondrial integrity. In young PINK1 Ϫ/Ϫ mice, western blot analysis showed normal levels of porin, apoptosis inducing factor (AIF), complex V (CxV), and isocitrate dehydrogenase (ICDH), which are markers for the outer membrane, intermembrane space, inner membrane and matrix, respectively (Fig. 1C) . These results further confirmed the lack of gross mitochondrial defects in the striatum of PINK1 Ϫ/Ϫ mice.
Impaired Mitochondrial Respiration in the Striatum of PINK1
The absence of major structural or quantitative changes in PINK1 Ϫ/Ϫ mice led us to explore functional aspects of mitochondrial biology. Respiration is the major function of mitochondria, providing energy to cells in the form of ATP. We measured the respiratory capacity of mitochondrial crude preparations using a polarographic method with substrates specific for each complex (glutamate/malate, succinate and TMPD/ascorbate for complex I, complex II and complex III/IV, respectively). We measured state 3, which represents the maximum respiration rate in the presence of ADP, and state 4, which represents O 2 consumption by leakage of protons through the inner membrane after ADP exhaustion.
We first turned our attention to the striatum, because it contains abundant dopaminergic terminals with high concentrations of mitochondria. In addition, it is anatomically well defined and can be easily dissected to provide sufficient amounts of materials, whereas the substantia nigra pars compacta, in which dopaminergic neurons reside, is technically challenging to separate from other ventral midbrain nuclei and provides insufficient material for mitochondrial isolation. Interestingly, we found that state 3 activities for both complex I (ϩ/ϩ: 12.5 Ϯ 0.4; Ϫ/Ϫ: 9.9 Ϯ 0.6, n ϭ 6, P Ͻ 0.01) and complex II (ϩ/ϩ: 14.4 Ϯ 1.4; Ϫ/Ϫ: 10.78 Ϯ 1.0, n ϭ 9, P Ͻ 0.05) are significantly decreased in PINK1 Ϫ/Ϫ mice, whereas complex III activity appear to be slightly lower as well (ϩ/ϩ: 14.1 Ϯ 1.1; Ϫ/Ϫ: 11.2 Ϯ 1.0, n ϭ 9, P ϭ 0.085, Fig. 2 A and B) . The reductions in state 4 respiratory activities are less marked in PINK1 Ϫ/Ϫ mice (Fig. 2C ), although its activity for complex I is significantly reduced (ϩ/ϩ: 4.9 Ϯ 0.4; Ϫ/Ϫ: 3.9 Ϯ 0.2, n ϭ 6, P Ͻ 0.05). Western blot analysis showed normal levels of complex I, II and III in the striatum of PINK1 Ϫ/Ϫ mice (Fig. 2D) . Thus, loss of PINK1 affects the functional capacity of these mitochondrial complexes but not their expression levels.
Reduced Aconitase Activity in the Striatum of PINK1 ؊/؊ Mice. Aconitase, a key enzyme in the Krebs cycle, has recently been reported to be functionally impaired in DJ-1 Ϫ/Ϫ mice (21) . We explored the possibility that this defect might be shared with PINK1 Ϫ/Ϫ mice. Using spectrophotometric methods, we found a significant 35% decrease of aconitase enzymatic activity in the striatum of PINK1 Ϫ/Ϫ mice (ϩ/ϩ: 0.58 Ϯ 0.03; Ϫ/Ϫ: 0.39 Ϯ 0.04, normalized to the citrate synthase activity, P Ͻ 0.005, n ϭ 6, Fig. 2E ). Because it bears an iron sulfide cluster in its structure, aconitase, as well as complex I and complex II, are known to be sensitive to oxidative stress (22) . In contrast, mitochondrial enzymatic activities known to be less sensitive to stresses, such as CS (Fig. S1C ), cytochrome C oxidase (complex IV) and malate dehydrogenase (MDH) (Fig.  2E) , are unaffected by the loss of PINK1 activity. Glucokinase, a nonmitochondrial protein known to be highly sensitive to oxidative stresses, is also unchanged in PINK1 Ϫ/Ϫ mice (Fig. 2E) , suggesting that the protection provided by PINK1 against oxidative stress might be limited to the mitochondrion.
To assess the impact of these functional deficits on the overall energy supply of the cell, we measured the level of ATP in the striatum by using the luciferine/luciferase assay. Absence of PINK1 does not lead to decreased ATP concentrations (ϩ/ϩ: 30.4 Ϯ 3.2, Ϫ/Ϫ: 32.9 Ϯ 3.2 nmol/mg, n ϭ 6, P Ͼ 0.05, Fig. 2D ). Therefore, the functional deficiencies caused by loss of PINK1 appear to be insufficient to create an overall energy crisis.
Age Dependant Impairment of Mitochondrial Respiration in the Cerebral
Cortex of PINK1 ؊/؊ Mice. Although degeneration of dopaminergic neurons is a cardinal feature of PD, neurodegeneration is present in other brain subregions as well (23) (24) (25) . We therefore examined whether loss of PINK1 function affects mitochondrial respiration in other brain regions, such as the cerebral cortex, which provides more abundant materials for isolating mitochondria than the striatum. To our surprise, at 3-4 months, state 3 activities for cortical mitochondria from PINK1 Ϫ/Ϫ mice are not significantly altered for complex I (97.2 Ϯ 6.4% of WT activity; n ϭ 5, P Ͼ 0.05), complex II (81.5 Ϯ 11.0 of WT activity, n ϭ 5, P Ͼ 0.05) and complex III/IV (97.5 Ϯ 17.5% of WT activity, n ϭ 5, P Ͼ 0.05, Fig. 3 A and B) , compared with wild-type (WT) mice. Similarly we were unable to observe any differences in state 4 activities for all 3 complexes (92.0 Ϯ 7.8, 111.5 Ϯ 17.8 and 99.0 Ϯ 16.4% of WT activity for complex I, complex II and complex III/IV, respectively, n ϭ 5, P Ͼ 0.05, Fig. 3C ). These results indicate that mitochondrial respiration in the striatum is more sensitive to the loss of PINK1 function than in the cerebral cortex, possibly due to the abundance of dopaminergic terminals in the striatum.
Aging represents by far the greatest risk factor for idiopathic PD. To determine whether aging contributes to mitochondrial dysfunctions in PINK1 Ϫ/Ϫ mice, we assayed the metabolic functions of cortical mitochondrial preparations at 22-24 months. We found that state 3 activities are impaired for complex I (81.3 Ϯ 6.7% of WT activity, n ϭ 4-6, P Ͻ 0.05), complex II (66.6 Ϯ 10.2%, n ϭ 4-6, P Ͻ 0.05) and complex III/IV (77.1 Ϯ 4.4%, n ϭ 4-6, P Ͻ 0.01, Fig. 3 E and F) in PINK1 Ϫ/Ϫ mice. Unexpectedly, these differences are not reflected by decreases in state 4 activities but, on the contrary, by increased activities for complex I (131.0 Ϯ 11.4 of WT activity, n ϭ 4-6, P Ͻ 0.05, Fig. 3G ). One possible explanation is that, at older ages, the integrity of the mitochondrial inner membrane is compromised, allowing more protons to reenter the matrix in the absence of ADP. This explanation is consistent with our observation of a significantly reduced respiratory control ratio in PINK1 Ϫ/Ϫ mice (ϩ/ϩ: 4.61 Ϯ 0.23; Ϫ/Ϫ: 2.67 Ϯ 0.22, n ϭ 4-6, P Ͻ 0.001, Fig. 3H ).
Unchanged Levels of Oxidative Stress Markers in PINK1 ؊/؊ Mice.
Complexes I and II as well as aconitase, which displayed reduced activities in PINK1 Ϫ/Ϫ mice, are known to be sensitive to oxidative stress. To determine whether these defects are associated with increased oxidative stress, we analyzed both genotypic groups for accumulation of oxidative stress markers. We first assessed levels of thiobarbituric acid reactive species (TBARS), a marker of lipid peroxidation, in cortical and striatal mitochondrial preparations at 3-4 months. In both preparations we were unable to detect any differences between the genotypes (Fig. 4A) . However, independent of the genotype, there is a significant increase in the striatum (1.95 Ϯ 0.17 nmol/mg, n ϭ 8, P Ͻ 10 Ϫ3 ) relative to the cortex (1.21 Ϯ 0.05 nmol/mg, n ϭ 16), consistent with the presence of higher oxidative stress in the striatum due to dopamine metabolism.
Respiration deficiency in idiopathic PD brains has been associated with increased oxidation of complex I subunits (24) . Therefore, we measured the level of protein carbonyls, a marker of protein oxidation. As measured by oxyblot, the total level of carbonyls in the striatum at 24 months was similar between PINK1 Ϫ/Ϫ and control mice (n ϭ 6, Fig. 4B ). We then tested for the accumulation of another common marker of protein oxidation, 4-hydroxynonenal Michael adducts (4-HNE). Immunostaining of brain sections from PINK1 Ϫ/Ϫ mice at 24 months failed to show any increases of protein oxidation in various brain subregions including the substantia nigra (Fig. 4C) . Inflammation is a common feature of neurodegeneration, and is known to be present in PD patients and animal models (26) . Using the presence of reactive astrocytes as a marker of inflammation, we compared brain sections of PINK1 Ϫ/Ϫ and control mice at 22-24 months. No obvious difference in reactive astrocytes labeled by GFAP immunoreactivity was detected in the cortex and the SN between PINK1 Ϫ/Ϫ and control mice (data not shown). This result was further confirmed quantitatively in the striatum at 24 months by western blot (Fig. 4E) .
Mitochondria are the main site for production of reactive oxygen species (ROS) in the cell. It has been reported recently that the deletion of DJ-1 in mice enhances the capacity of mitochondria to produce ROS (21) . Using the Amplex red dye fluorescence assay, we measured the capacity of isolated mitochondria to create H 2 O 2 . Although we were able to reproduce the result of increased ROS production in cortical mitochondria isolated from the cortex of DJ-1 Ϫ/Ϫ mice (data not shown), we found that the loss of PINK1 does not lead to the same increased capacity in the striatum (Fig.  4D ) or in the cortex (data not shown) under basal conditions or after administration of mitochondrial toxins, such as paraquat, 6-OH, dopamine and rotenone, which are known to enhance ROS production (Fig. 4D) . The absence of increased oxidative markers could be due to compensatory mechanisms such as overexpression of antioxidant proteins. To test this hypothesis, we measured the levels of Mn-SOD, CuZn-SOD, Catalase and G6-PDH. No significant differences were detected in the striatum of PINK1 Ϫ/Ϫ and control mice at 22-24 months (Fig. 4E ).
Increased Sensitivity of Cortical Mitochondria to Exogenous Stressors
in PINK1 ؊/؊ Mice. Given the absence of increases in oxidative stress markers in PINK1 Ϫ/Ϫ mice, we tested whether in the absence of PINK1, mitochondrial functions are more sensitive to environmental stressors (27) . We compared both genotypic groups for the effects of oxidative conditions on cortical mitochondrial respiration at 3-4 months. Under oxidative conditions (15-min preincubation of isolated mitochondria at 25°C with 100 M H 2 O 2 ), reduction of state 3 respiration activity was more pronounced in PINK1 Ϫ/Ϫ mice than in their wild-type littermates for complex I (ϩ/ϩ: 80.4 Ϯ 7.4; Ϫ/Ϫ: 57.6 Ϯ 2.3, n ϭ 6, P ϭ 0.02, Fig. 5A ). The same observation was made for state 3 respiratory activity of complex II (ϩ/ϩ: 65.7 Ϯ 4.7; Ϫ/Ϫ: 49.8 Ϯ 4.9, n ϭ 9, P ϭ 0.03, Fig. 5B ).
We further examined whether a mild heat shock would influence metabolic activities. Mitochondria were incubated at 43°C before measuring respiration activities. The treatment probably affects the mitochondrial membrane integrity, thus we were not able to distinguish clearly between state 3 and state 4. We therefore measured the activity immediately after the addition of ADP and report it as a ''pseudo state 3''. After treatment, succinate driven activity is significantly reduced in PINK1 Ϫ/Ϫ mice (82.0 Ϯ 3.0% of WT activity, n ϭ 6, P Ͻ 0.05, Fig. 5C ). To further confirm these results, we measured the effect of oxidative stress on mitochondrial transmembrane potential, which constitutes the driving force for proton to reenter the matrix. After 15 min of treatment with 100 M H 2 O 2 , ⌬ of PINK1 Ϫ/Ϫ mitochondria energized with succinate are significantly reduced (ϩ/ϩ: 56.4 Ϯ 3.9%; Ϫ/Ϫ: 41.7 Ϯ 3.0 of ⌬ under basal conditions, n ϭ 4, P Ͻ 0.05, Fig. 5D ).
It has been shown that under conditions of stress, cysteines of the mitochondrial permeability transition pore (MPT pore) undergo oxidation, thus increasing the probability for the pore to open and collapse the transmembrane potential (28) . To test whether the observed ⌬ collapse was due to an increased probability of the MPT pore opening, we performed the swelling assay. Mitochondrial preparations were provided with high concentrations of Ca 2ϩ , which leads to the opening of the MPT pore, accumulation of water inside the mitochondria and ultimately disruption of mitochondrial membranes. Under basal or stress (200 M H 2 O 2 ) conditions, we were unable to differentiate between genotypes for their swelling time constant (Fig. 5E) . Together, our results show that independently of the MPT pore regulation, mitochondria lacking PINK1 are more sensitive to various stress conditions.
Discussion
In the present study, we report that loss of PINK1 results in mitochondrial dysfunctions in mice. In contrast to the severe structural defects found in the fly models, mitochondria in PINK1 Ϫ/Ϫ mice appear to be structurally intact and preserved in total number, although there is a selective increase in larger mitochondria, which would be consistent with a role of PINK1 in the promotion of mitochondrial fission (Fig. 1, Fig. S1 ). Mitochondrial respiration, a key function of the organelle, is impaired in PINK1 Ϫ/Ϫ mice. Interestingly, this functional deficit is present in a brain region-specific manner in young PINK1 Ϫ/Ϫ mice with the impairment present in the striatum, which is rich in dopaminergic terminals, but absent in the cerebral cortex (Fig. 2) , suggesting that loss of PINK1 and elevated oxidative stress associated with dopamine metabolism may serve as ''two hits'' for mitochondrial dysfunction observed in the striatum of PINK1 Ϫ/Ϫ mice. Furthermore, at 2 years of age mitochondrial respiration in the cerebral cortex of PINK1 Ϫ/Ϫ mice is impaired (Fig. 3) , indicating that aging can also serve as the ''second hit'' to exacerbate mitochondrial dysfunction. Lastly, mitochondrial respiration defects can be induced in the cerebral cortex of young PINK1 Ϫ/Ϫ mice by environmental cellular stress, such as exposure to H 2 O 2 or mild heat shock (Fig. 5) , again providing support for the ''second hit'' role of extrinsic oxidative stress and other cellular insults in causing mitochondrial dysfunction. Together, our findings demonstrate a key role of mammalian PINK1 in mitochondrial function. Specifically, PINK1 protects mitochondria from both intrinsic stress (e.g., dopamine metabolism and aging) and environmental insults (e.g., H 2 O 2 and heat shock).
Mitochondrial defects in PD patients were reported for the first time Ϸ20 years ago (3). Accumulating evidence suggest that mitochondrial defects might be causal to the pathogenesis of PD (2, 10) . The presence of mitochondrial defects in mice carrying PINK1 germline deletions, which genetically recapitulate pathogenic mutations in PINK1-linked PD patients, provides further support for (29, 30) , and in fibroblasts derived from patients bearing PINK1 pathogenic mutations (31) . However, the presence of complex II and complex III/IV defects are relatively novel in a PD mouse model, although they have been previously reported for mitochondria isolated from PD patients (23, 32, 33) . It is also worth noting that these functional defects are relatively subtle and fail to create a major energy crisis as measured by ATP levels. Perhaps a more elaborate compensatory mechanism in mice provides a better protection for mitochondria from more severe damage due to loss of PINK1 or parkin.
Interestingly, our results showed brain subregion specificity and age dependence of mitochondrial defects in PINK1 Ϫ/Ϫ mice. Region specificity for respiration defects has also been reported previously in parkin Ϫ/Ϫ mice (29) . This cannot be explained by differential expression of PINK1, because it appears to be expressed quite uniformly across all brain subregions (34) . Thus, the most likely explanation for the striatum specificity of the mitochondrial defects observed in PINK1 Ϫ/Ϫ mice is that the striatum receives nigrostriatal dopaminergic projections and contains high concentrations of dopamine, which can degrade into cytotoxic oxyradicals and inhibit pyruvate/malate respiration (35) . Indeed, we observed that mitochondria isolated from the striatum contain higher levels of lipid peroxidation markers compared with that of the cortex (Fig.  4A) , providing further support for this interpretation. By two years of age, mitochondrial respiration is impaired in the cerebral cortex of PINK1 Ϫ/Ϫ mice, perhaps due to the accumulation of oxidative insults accompanied with the aging process. Loss of PINK1 may undermine protective mechanisms against such intrinsic, physiological cellular stress. different between PINK1 Ϫ/Ϫ and wild-type mice at 2-3 months (n ϭ 6 -10 for the cortex, P Ͼ 0.05; n ϭ 4 for the striatum, P Ͼ 0.05; two-way ANOVA followed by Tukey's test). However, independently of genotype, there was significantly more lipid peroxidation in the striatum compared with the cortex ( * , P Ͻ 0.025; ** , P Ͻ In addition, PINK1 Ϫ/Ϫ mice display reduced activities of complex I, complex II and aconitase. All three are present within the mitochondrion and share a high sensitivity to oxidative stress. This sensitivity is explained by the presence of Fe 2 S 4 clusters in their three dimensional structures. These clusters are structurally and functionally essential to these protein complexes, and are extremely sensitive to oxidative stress. On the other hand, the more stable mitochondrial enzymatic activities, such as citrate synthase, Cytochrome C oxidase or malate dehydrogenase, are unaffected by PINK1 deletion. Hypersensitivity to oxidative stress is further supported by the observation that metabolic defects can be induced in mitochondria isolated from the cerebral cortex of young PINK1 Ϫ/Ϫ mice by exposure to environmental agents for oxidative stress, such as hydrogen peroxide or a mild heat shock. These results are consistent with recent findings in HEK 293 cells (36) .
Despite the mitochondrial functional defects and the increased sensitivity to oxidative stress, we did not detect an increase in markers of oxidative stress in PINK1 Ϫ/Ϫ mice. This could be due to the higher sensitivity of the enzymatic activities measured by the functional assays, in contrast to the direct measurement of the accumulating levels of oxidized lipid or protein products. How can one explain such a protective role of PINK1 in mitochondria? One possibility, raised by studies in flies, is that PINK1 is involved in the regulation of mitochondrial fission and fusion (16, 17) . Our finding that there is an increase in larger mitochondria in the striatum of PINK1 Ϫ/Ϫ mice is consistent with a role of PINK1 in promoting mitochondrial fission. Although these mitochondria account for only a small percentage of total mitochondria (Ϸ3%) in PINK1 Ϫ/Ϫ mice, they represent a more significant percentage of total mitochondrial volume. It remains to be determined how promotion of mitochondrial fission by PINK1 would protect mitochondria from intrinsic and environmental insults and whether the mitochondrial defects underlie the impairment of dopamine release and striatal synaptic plasticity in PINK1 Ϫ/Ϫ mice (20) . In another scenario, PINK1 could protect mitochondria via the activation of mitochondrial chaperonin. TRAP1 and HtrA2, two mitochondrial proteins with chaperone functions, have been identified as putative downstream effectors for PINK1 (13, 36) . Our respiration assay of isolated mitochondria in the presence of stressors supports a direct protective role of PINK1. Further investigation will be needed to elucidate the exact mechanism by which PINK1 protects mitochondrial function.
In summary, our study shows in a mammalian model that the putative mitochondrial protein PINK1 indeed plays an important role in the maintenance of basic functions of mitochondria. The absence of dopaminergic neurodegeneration in PINK1 Ϫ/Ϫ mice further supports the notion that mitochondrial defects may represent a causal and early pathogenic event of PD. Understanding how they lead to greater cellular damages and ultimately neurodegeneration will provide tremendous insight into the pathogenesis of PD.
Materials and Methods
Mitochondrial Respiration Assay. Mitochondrial respiration assay was performed as previously described (30) .
Mitochondrial ROS Production Assay. ROS production was measured as the increase in fluorescence of Amplex Red dye (Invitrogen). Cortical and striatal mitochondria preparations were made as previously described adjusted to 1 mg/ml in OEB buffer (0.25M sucrose, 5 mM Mops pH 7.4, 5 mM KH2PO4, 5 mM MgCl 2). 15 l of this preparation was placed in a well and the reaction was started by the addition of 100 l of assay buffer (10 M Amplex Red, 10 mM succinate, 0.2 units/ml HRP in OEB) and followed over time on a fluorescence plate reader.
Electron Microscopy, Enzymatic Assays, and Western Analysis. See SI Material and Methods.
Statistical Analysis. Pooled results were expressed as means Ϯ SEM. Unless otherwise specified, significance was determined by the non paired Student t test. Significance was set at P Յ 0.05.
